In the minimal supersymmetric standard model (MSSM) the lightest superpartner of the lefthanded neutrinos is ruled out of being a candidate of dark matter because of its large elastic cross-section with the nucleus mediated via Z-boson. We resurrect it by extending the MSSM with two triplets with opposite hypercharge. The addition of the triplets not only play a role in generating small Majorana masses for the left-handed active neutrinos but also make the lightest sneutrino a viable candidate for dark matter. We then discuss the relevant parameter space in details which can give rise to the right amount of (thermal) relic abundance as well as satisfy the current direct detection constraints from Xenon100 and LUX. We find that sneutrino dark matter with mass 370-550 GeV can give rise to right thermal relic abundance while co-annihilating with the bino-like neutralino.
I. INTRODUCTION
With the discovery of Higgs at LHC [1, 2] , standard model (SM) of particle physics seems to be complete. However, the latter does not explain the non-zero neutrino mass, required to explain solar and atmospheric neutrino oscillation hypothesis, and the existence of nonbaryonic dark matter (DM) required to explain the galaxy rotation curve, gravitational lensing and large scale structure of the Universe [3] . In fact, the relic abundance of DM:
Ω DM h 2 ∼ 0.12, is well measured by WMAP-9 [4] and Planck [5] satellites.
The above mentioned inadequacies of SM indicate that the present form of SM is not sufficient to explain the current energy budget of the Universe. It needs to be extended to include sub-eV masses of left-handed neutrinos and the observed DM abundance. If we assume that the neutrinos are of Majorana type, then their sub-eV masses can be accounted through seesaw mechanisms [6] [7] [8] [9] [10] [11] [12] . On the other hand, the relic abundance of DM can be accounted by adding an extra stable particle which is massive and electrically neutral.
A well motivated theory beyond the SM is the minimal supersymmetric standard model (MSSM) which may explain DM relic abundance and sub-eV masses of left-handed neutrinos. Within MSSM, if R-parity (R p = (−1) (3B+L+2S) ) is conserved, then it can easily accommodate a candidate for DM (see e.g. [13] ). Because of conserved R-parity, the viable dark matter candidates are either the lightest neutralino (χ 0 1 ) or the lightest left-handed sneutrino (ν L ). It has been known since long thatν L , as an elastic DM candidate, is ruled out by direct search limits up to a very heavy mass, beyond which it can not produce the right (thermal) relic abundance [14] . This leavesχ 0 1 as the only viable candidate for DM within MSSM. On the other hand, if R-parity is broken in MSSM then the latter does not accommodate any candidate for DM, but can explain sub-eV Majorana masses of light neutrinos [15] [16] [17] [18] . Thus a simultaneous explanation for sub-eV neutrino mass and DM does not exist within the framework of MSSM unless one adds new particles to the MSSM spectrum.
In this article we extend the MSSM with two SU(2) L triplets [19] of opposite hypercharge, such as∆ 1 (1, 3, 2) and∆ 2 (1, 3, −2), where the numbers in the parentheses are quantum numbers under the gauge group SU(3) C × SU(2) L × U(1) Y . We also impose a global U(1) B−L symmetry, where B and L are baryon and lepton number respectively. Consequently all the R-parity violating terms in the MSSM superpotential are forbidden. Note that in absence of U(1) B−L or R-parity, the gauge symmetry of MSSM superpotential allows certain terms which violate B and L numbers although they are strictly conserved within the SM. The U(1) B−L global symmetry is allowed to be broken explicitly by the soft term ∆ 1LL which also breaks the supersymmetry. However, the soft term has a residual symmetry, (−1) L which is equivalent to a Z 2 symmetry. As a result the neutral candidate ofL, the sneutrino, as the lightest supersymmetric particle (LSP), is stable. After electroweak (EW) symmetry breaking the induced vacuum expectation value (vev) of ∆ 1 generates a mass splitting between the real and imaginary parts of sneutrino. Assuming a mass splitting of few hundred KeV, the inelastic sneutrino (DM)-nucleon interaction mediated via Z can be avoided [20] [21] [22] . A proposed explanation of DAMA [23] requires a mass splitting of O(100) KeV between the real and imaginary parts ofν L . Although such an explanation is disfavored by XENON 100 [24] , a small window remains viable [25] . Moreover, small Majorana mass of neutrinos can be generated through one loop radiative process mediated by gaugino and sneutrino [26] .
Since the triplets are heavy, their CP-violating out-of-equilibrium decay can generate an asymmetry between sneutrino and anti-sneutrino [19, 27] in the early Universe. However, this asymmetry can be washed out [27] [28] [29] after the EW-phase transition because of sneutrinoantisneutrino mixing. Therefore, we focus on the parameter space where sneutrino can have the right relic abundance through thermal freeze-out mechanism, and at the same time sub-eV neutrino masses can be generated. Co-annihilation of sneutrino plays an important role in the estimation of its thermal relic abundance. In particular, co-annihilation with the bino-like neutralino and with the lightest sbottom (or any other strongly interacting particle) can be important in obtaining the right theraml relic in case of relatively light and heavy sneutrinos respectively. Typically, co-annihilation with the bino-like neutralino allows sneutrino masses in the range 370-550 GeV to achieve the right thermal relic abundance.
The paper is arranged as follows. In section-II, we discuss the triplet extension of MSSM by focusing sneutrino as a viable candidate for DM and then express the relevant constraints from neutrino mass. Section-III is devoted to explain asymmetric sneutrino DM and its depletion through sneutrino anti-sneutrino oscillation. In section-IV, we discuss parameter space in which the sneutrino relic abundance can be generated through freeze-out mechanism. Section-V is devoted to discuss the constraints from direct detection of sneutrino DM.
We conclude in section VI.
II. SNEUTRINO (ν L ) DARK MATTER IN TRIPLET EXTENSION OF MSSM
We extend the MSSM superpotential by including two triplet super fields∆ 1 (1, 3, 2) and ∆ 2 (1, 3, −2), where the numbers in the parentheses are quantum numbers under the gauge group SU(3) C ×SU(2) L ×U(1) Y . We then impose a global U(1) B−L symmetry, which forbids all the R-parity violating terms in the MSSM superpotential. The relevant superpotential in presence of U(1) B−L symmetry is given by:
where we have suppressed the flavour indices. The corresponding Lagrangian then becomes:
The U(1) B−L global symmetry is explicitly broken by the soft term ∆ 1LL which also breaks the supersymmetry. However, the soft term has a residual symmetry, (−1) L which is equivalent to a Z 2 symmetry. As a result the neutral candidate ofL, the sneutrino, can be a stable LSP. It will be shown later that it can be a good candidate for DM. In the effective theory, the relevant SUSY breaking terms in the Lagrangian are given by:
The co-efficient of ∆ 1LL term, i.e., µ L is required to be small as it breaks U(1) B−L . The electroweak phase transition occurs when H u and H d acquire vacuum expectation values (vevs). They also induce small vevs for ∆ 1 and ∆ 2 . From Eqs. (2) and (3) we get the vevs of ∆ 1 and ∆ 2 to be
As we will discuss, smallness of the mass of ν requires u 1 to be very small. In the subsequent analysis we further assume f 1 and f 2 to be less than O(.1). Thus the tree-level contribution to the MSSM Higgs potential from the triplets remain small.
A. Inelastic Sneutrino Dark Matter and Constraints
Because of the induced vevs of scalar triplets the sneutrino and anti-sneutrino states mix with each other. The relevant mass term takes the following form :
where M is given by,
Majorana mass of neutrinos generated through one loop radiative correction.
terms allowed by the MSSM superpotential, but also the ∆ 1 LL term. But the U(1) B−L global symmetry is softly broken to a residual symmetry (−1)
L by the µ L ∆ 1LL . As a result the neutrinos acquire masses through one loop radiative correction as shown in Fig. (II B) .
The neutrino mass can be calculated from Fig. (II B) as [19, 26] : δMν , (8) where the ratios in Eq. (II B) are defined by
In the above Eq. M 1 and M 2 are soft-supersymmetry-breaking mass parameters for U(1) Y and SU(2) L gauginos, which, in the limit of no-mixing, give the masses of these states. The non-observation of DM at direct detection experiments require ∆Mν > O(100)KeV. On the other hand, the oscillation experiments require M ν < 1 eV. Thus the ratio of neutrino mass to the mass splitting of sneutrino states can be given by:
We have shown the allowed values of r 1 and r 2 in Fig. (II B) for all values of R < 10 −5 .
For simplicity, we have assumed a pure bino-like and a pure wino-like neutralino with mass |M 1 | and M 2 respectively. Note that, by defining mass eigenstates in the neutralino-chargino sector appropriately, it is possible to absorb the sign of either M 1 or M 2 . Thus, without loss of generality, we have assumed M 2 > 0. In order to allow for ∆Mν > O(100)KeV M 1 < 0 is required [19] .
III. ASYMMETRIC SNEUTRINO DARK MATTER (DM) AND DM -DM OS-

CILLATION
The scalar triplets ∆ 1 and ∆ 2 are required to be heavy (O(10 14 GeV)) in order to keep their vevs naturally small. Otherwise they will modify the ρ parameter of SM. In an expanding
Universe ∆ 1 and ∆ 2 go out-of-equilibrium as the temperature falls below their mass scales.
As a result the CP-violating out-of-equilibrium decay of the mass eigenstates, corresponding to {∆ 1 , ∆ 2 }, to MSSM Higgses and sleptons can generate a net asymmetry between sleptons and anti-sleptons [19, 30, 31] . The asymmetry between the number densities ofν L and ν * L can also be affected via the t-channel gaugino (and higgsino) mediated annihilation processes. These processes can annihilate a pair ofν L orν * L producing sleptons or antisleptons respectively. However, this interaction rate is, typically, weaker than the Z-mediated s-channel process, which annihilates the "symmetric" component, i.e. annihilates oneν L and with oneν * L 1 . This reduces the total number density ofν L andν * L , without affecting the relative excess ofν L compared to that ofν * L . As a result one may expects a net asymmetric sneutrino dark matter.
A. DM -DM Oscillation and Depletion of Sneutrino Asymmetry
After EW-phase transition the scalar triplets acquire small induced vevs. As a result the sneutrino (ν L ) and anti-sneutrino (ν * L ) states mix with each other, thanks to the presence of ∆L = 2 terms in the Lagrangian. This creates a small mass splitting: ∆Mν between the two mass eigen states:ν 1 andν 2 . The splitting between the two mass eigenstates can drive an oscillation [27] as discussed below.
Let us write the sneutrino and anti-sneutrino states in terms of the mass eigenstatesν 1 andν 2 as:
The state |ν L at any space-time point (x, t) is given by
where
and
are the energy ofν 1 andν 2 states respectively. The probability of |ν L oscillating into |ν * L is then given by
Using Eqs. (11) and (12) the probability of oscillation takes the form:
Above the EW phase transition there is no mass splitting between the two mass eigenstates:ν 1 andν 2 . Therefore we must have Mν 1 = Mν 2 , Eν 1 = Eν 2 and kν 1 = kν 2 . As a result from Eq. 14 the probability of oscillation is:
1 There are t-channel neutralino mediated processes which also annihilate the "symmetric" component.
However, their contribution is only secondary to the Z-mediated s-channel process.
Below the EW phase transition the vev of ∆ generates a mass splitting between the two mass eigenstatesν 1 andν 2 . Hence from Eq. 14, the probability of oscillation can be given by:
where we have assumed Eν 1 ∼ Eν 2 ∼ Eν, which is a good approximation for a small mass splitting. In the following we will consider a mass splitting of O(100keV). We also count the time of evolution from the time of EW phase transition, so that at
Below EW phase transition the time of oscillation fromν L toν * L can be estimated to be:
In the relativistic limit the energy of the DM particle Eν ∼ T , where T is the temperature of the thermal bath. Hence the oscillation time can be given as:
On the other hand, in the non-relativistic limit the energy of the DM particle Eν ∼ Mν.
Thus for Mν ∼ 100 GeV, the time of oscillation is again similar to relativistic case. This implies that if the mass eigenstatesν 1 andν 2 remain in the thermal equilibrium, then oscillations between these two states can wash out the generated asymmetry through triplet decay [27] [28] [29] . As a result we may not get any asymmetric sneutrino relic abundance.
In order to prevent the catastrophic washout,ν needs to decouple from the thermal soup before the creation of mass splitting at EW symmetry breaking (EWSB). Assuming EWSB occurs at around 100 GeV, and considering that the freeze-out temperature (T f ) is approximately given by Mν 1 20 , this requires the mass of sneutrino DM to be O(2 TeV).
However, in a scenario where, for example, if the reheat temperature after inflation is less than O(100 GeV) then this requirement may not hold good.
If the mass of the DM, Mν 1 , is less than about O(2 TeV), then the initial asymmetry would not affect the relic density significantly. Therefore, we do not take into account the effect of any initial asymmetry into the present discussion. Thus, the relic density calculation resembles the case of aν Dark Matter [14, 32] .
The tiny mass splitting of O(100) KeV between the statesν 1 andν 2 can be ignored when these are in the thermal soup, since the freeze-out temperature O(10) GeV is much higher compared to the splitting.
The life-time ofν 2 , decaying toν 1ν ν, has been estimated to be 10 4 − 10 9 seconds for a mass splitting of 100 KeV-1 MeV [19] . After freezing-outν 2 eventually decays toν 1 . Also, due to very small decay width ofν 2 , we ignore the effect of its width in estimating the oscillation probability.
IV. SNEUTRINO DARK MATTER AND THERMAL RELIC ABUNDANCE
Assuming sufficiently high reheat temperature, and that all SUSY particles thermalized in the early universe, we will focus on the thermal production ofν 1 Dark Matter in this section.
However, a few alterations/variations have been incorporated in the present discussion.
Instead of expanding σv rel into the leading s and p wave contributions (ignoring the higher partial waves, and assuming no threshold or pole in the vicinity), we have used micrOMEGAs [33, 34] for an accurate estimate of σv rel , and therefore, of the relic density. SuSpect [35] has been used as the spectrum generator. Assuming standard cosmology, we have used the recent estimates for the right (thermal) relic density from the CMBR measurements by PLANCK [5] and WMAP (9 year data) [4] . In addition, we have taken into account the recent bounds on the sparticle spectrum, especially on the CP-even Higgs mass (125 GeV) from
The computation of thermal relic abundance of the DM relies on various (co-)annihilation processes. This is discussed in some detail in Appendix B. In fact, in the absence of co-
In the presence of co-annihilations, the DM and the co-annihilating sparticle remain in relative thermal equilibrium for a longer period of time
where DM ′ denotes the co-annihilating sparticle; SM and SM ′ denote two Standard Model particles, which are assumed to be in thermal equilibrium and therefore abundant. Of course, eventually DM ′ decouples and decays to DM. Thus, co-annihilation affects the thermal relic abundance of DM. The effect can be captured by [37] substituting,
where, {i, j} runs over the list of co-annihilating sparticles, g i denotes the number of degrees of freedom of the i-th sparticle, ∆ i = m i m DM −1, x = m DM T and σ ij denotes the co-annihilation cross-section of i and j-th sparticles into SM particles. Also,
Thus, co-annihilations are only relevant for sufficiently small ∆ i .
Note that, there is always a (left) slepton of the same flavor as theν L , with a small mass difference, thanks to the soft-breaking masses preserving the SU(2) L invariance [14] .
So, apart from "co-annihilation" withν 2 , co-annihilation with the SU(2) L doublet partner will always be relevant. For the numerical analysis we have made the following assumptions.
• For the first two generations, the squark mass parameters are assumed to be 2 TeV. • The soft-SUSY breaking slepton masses are assumed to be flavor-diagonal.
• Trilinear soft susy breaking terms A t = −3.7 TeV and A b = −3.7 TeV; A τ = 0 TeV; tan β = 10 and the CP-odd Higgs mass m A = 1 TeV have been assumed.
• We refrain from exact calculation of neutrino masses and mixing angles. M 1 < 0 is assumed keeping M 2 > 0, in order to cancel the large radiative contribution to the neutrino masses. µ = −1000 GeV is assumed, except in the context of co-annihilation with higgsino-like neutralinos.
• Finally we use 173.1 GeV for the top quark pole mass.
In the following we consider three scenarios in the framework of pMSSM:
• A)ν 1 DM, with no other co-annihilating sparticles except the above mentioned ones;
• B)ν 1 DM co-annihilating also with a bino-like neutralino (χ • C)ν 1 DM co-annihilating also with a higgsino-likeχ • D)ν 1 DM co-annihilating also with the lightestb (b 1 ) .
As shown in Fig. II B, since small neutrino masses require a -ve M 1 and rather large M 2 ; therefore, we refrain from discussing co-annihilation with a wino-likeχ In benchmark (A), we consider a scenario whereν 1 belongs to the third generation, and has no additional co-annihilation channels except the above mentioned ones. The dominant contributions come fromν 1 ,ν 2 (orν,ν * ) annihilating to Z Z (27%) and W ± W ∓ (24%). In benchmark (B1), we consider further co-annihilation with a bino-likeχ In benchmark (C), we consider co-annihilation with the higgsino-like neutralinos and chargino. This can be achieved considering the µ parameter to be close to the soft-breaking mass forν τ . Unlike the bino, higgsinos come from SU(2) L doublets, and possesses relatively stronger interactions. Since in the limit of large M 2 , and |M 1 | ≫ µ three statesχ Finally, in benchmark (D) we consider co-annihilation with the lightestb, which we have assumed to be dominantly SU(2) L -singlet-type. The mass ofb 1 is assumed to be 1008.4
GeV. The dominant contribution to the effective thermal averaged cross-section comes from b 1b * 1 → g g; s-channel gluon mediation, as well as t(and u)-Chennaib 1 exchange processes lead to this final state. This receives large enhancement due to the colour factor. The gluino mediated t-(and u) channel processb 1b1 → bb also contributes significantly. Together, these channels contribute about 80%, as described in Table V 
V. SNEUTRINO DARK MATTER AND DIRECT DETECTION CONSTRAINTS
In this section we review the viability of left-handed sneutrino dark matter by taking into account the latest direct detection constraints from Xenon-100 [38] and LUX [39] . As mentioned before, the dominant process through whi ch the sneutrino DM interacts with the nucleon is the t-channel Z-boson mediated process, i.e.νq → Z →νq. Assuming sneutrino DM scattering off nucleon elastically, we have shown the DM-nucleon cross-section as a function of sneutrino mass in the left panel of fig. 5 . From there we see that the crosssection is quite large and hence excludes sneutrino DM if the latter scatters off nucleon elastically through t-channel Z-boson mediated process. However, in the current set up, the triplet extension of MSSM, the sneutrino DM scatters off nucleon inelastically through the Z-boson mediated process as we have discussed in section-II. The inelastic scattering: ν 1 q →ν 2 q occurs depending on the mass splitting between the two nearly degenerate states:
The minimum required velocity of the sneutrino dark matter (sayν 1 ) with respect the earth frame that will lead to a recoil inside the detector is given by:
If we assume that ∆Mν to be a few hundred keV, then to deposit energy inside the detector we need v min > v esc = 650km/s. In other words, if the mass splitting betweenν 1 andν 2 is larger than a few hundred KeV, then sneutrino can not scatter off nucleon inelastically through t-channel Z-boson mediated process.
The next dominant processes through which the sneutrino scatters off nucleon are the Higgs exchange processes occurring via the D-term. These processes receive contributions from both the CP-even Higgs bosons. The corresponding spin-independent cross-section, with a nucleus (N) of mass number A and atomic number Z can be expressed as,
where µ = mν 1 m N mν 1 + m N ; m N denotes the mass of the nucleus. Further, f p and f n denotes effective couplings of the CP-even Higgses with proton and neutron respectively. These are given by,
In the above expression λ q denotes the effective coupling ofν 1 with the quark q (i.e. L ef f ⊃ λ qν 2 1q q) in the limit of small momentum transfer, as is relevant for direct detection. Thus, λ q is suppressed by m 2 h/H and is proportional to the SU(2) L gauge coupling (g 2 ), the appropriate Higgs VEV and the Yukawa coupling for quark q (y q ). f N q denotes the contribution of quark q to the mass m N of nucleon N. Note that, for large tan β, the Yukawa couplings of the heavy Higgs (H) with down-type quarks can be large, and thus contributions from the heavy Higgs mediated channels can be significant. While the light quarks contribute to the nucleon masses directly, the heavy quark contributions to f N appears through the loop-induced interactions with gluons. These are given by,
Using micrOMEGAs-3.2, with tan β = 10 and m H ≃ 500 GeV, we estimate that the direct detection cross-sections fall below the present LUX bounds for the mass range of our interest.
For example, a 300 GeVν 1 (τ -type) has a direct detection cross-section of 2×10 −45 cm 2 which is about half the limit from LUX. With tan β = 15 and m H ≃ 2000 GeV, the interaction cross-section with neutrons have been plotted in fig. 5 . The cross-section with protons is also similar. Note that, the strange quark content of the nucleon has significant uncertainties, leading to an uncertainty in f N s . In the Higgs mediated processes, the s-quark content plays an important role, due to its large Yukawa coupling. We have used the default values in micrOMEGAs-3.2 to estimate the cross-section. Note that by varying f N s it is possible to reduce the direct detection cross-section even further.
VI. CONCLUSION
We discussed the viability of left-handed sneutrino (ν L ) as a candidate for DM in the triplet extension of the minimal supersymmetric standard model (MSSM). We extended the MSSM with two triplets of opposite hypercharges and imposed a global U(1) B−L symmetry.
The B − L symmetry is then allowed to break explicitly by a ∆L = 2 term (∆ 1LL ) which has a residual Z 2 symmetry. As a result the lightest left-handed sneutrino became stable and a viable candidate for DM. It is worth mentioning that within MSSM, sneutrino is ruled out as a candidate for (elastic) DM because of its large direct detection cross-section with the nucleus mediated via Z-boson. However, in the triplet extension of MSSM, this problem has been eradicated by creating a mass splitting between the real and imaginary parts of the sneutrino DM. By choosing the mass splitting to be a few hundred KeV, the Z-mediated processν 1 q → Z →ν 1 q is forbidden. We then discussed the elastic scattering of sneutrino DM with the nucleon via the Higgs exchange processes. In fact, we found that for a 300 GeV sneutrino DM mass, the DM-nucleon cross-section is approximately 2 × 10 −45 cm 2 which is about half the limit from LUX.
Assuming that sneutrino is in thermal equilibrium in the early Universe, we estimated its relic density. We showed that, in a large part of the parameter space, co-annihilation of sneutrino plays an important role in the relic abundance estimation. In particular, assuming that mass splitting with the bino-like neutralino is small, we showed that the allowed mass of DM is in the range of 370-550 GeV. Note that for such range of sneutrino mass, the LUX bound is completely evaded.
Since the lepton number is broken explicitly by two units, the Majorana masses of light neutrinos could be generated at loop level. Further, since the additional triplets are very heavy, the model resembles MSSM in the energy accessible to the LHC. In summary, the salient features of this scenario include a very heavy wino and the possibility of having ã ν L -type LSP which is a suitable candidate for DM. In future we will explore its collider phenomenology in detail. In this appendix, we sketch the thermal relic density calculation [36, 40] . We assume that, to begin with, all the sparticles and the SM particles were in thermal equilibrium, forming a thermal soup. However, as the expansion rate of the universe exceeds the interaction rate (of the interactions which kept the species in thermal equilibrium) of a particle species, they decouple from the thermal soup. Due to the conserved R-parity, the total number of sparticles (in the early universe) is reduced only by their annihilation into the SM particles.
Therefore the relevant number density to consider, to begin with, is the number density of all the sparticles (say n), since the remaining ones (not annihilating into the SM particles)
will decay to theν 1 eventually contributing to the number density ofν 1 . The Boltzmann equation, governing the the evolution of the number density n, (in the FRW background, see e.g. [36] ) can be written as,
where n 2 eq denotes the equilibrium abundance. In this equation the second term in the left hand side arises due the expansion of the universe, the Hubble parameter being denoted by H. To scale out the effect due to the expansion of the universe, one often uses nν 1 s , where s denotes the entropy density to rewrite the above equation as,
where T stands for the temperature, Y = nν 1 s , g * is an effective number relativistic degrees of freedom and M p is the Planck mass. In order to express the time derivative in terms of the temperature derivative, conservation of the comoving entropy has been used, which gives dT dt = −H, where H, as mentioned already, is the Hubble parameter. Note that, therefore, late 3 production of entropy (although not possible in the present scenario) will alter this discussion, see e.g. [13, 36] . Further, σv represents the relativistic thermally averaged (effective) annihilation cross-section of superparticles (into the SM particles) and is expressed as, 4 .
In eq.(26), the sum over i , j spans over all the sparticles, m i denote the mass of sparticle (labeled by) i, σ ij denotes the annihilation cross-section of the sparticles i and j into the SM particles, p ij and √ s 5 denote the momentum and the total energy of the "incoming" sparticles in their center-of-mass frame. K 1 and K 2 denote modified Bessel functions of type one and two respectively. Eq. (25) can not be solved exactly by analytical means, a discussion on approximate solution can be found, e.g., in [36] . However, we have used the publicly available code micrOMEGAs for the relic density calculation which solves eq. (26) numerically without any approximation. For thermal averaging, we consider only sparticles (i , j) such that the Boltzmann suppression factor e −A , where A = m i + m j − 2mν 1 T less than 10 −6 , which is (more than) sufficient for our purpose.
Solving eq. (26) by integrating over T F to T 0 , T 0 being the present CMBR temperature,
gives the present value of Y , which we denote by Y 0 . The present relic density, then, as a fraction of the critical density (which corresponds to a "flat" universe) can be expressed as,
where ρ crit = 3H 2 0 8πG , with H 0 and G denoting the (present) Hubble's parameter and the gravitational constant respectively and s 0 denotes the present entropy density.
APPENDIX B
In this Appendix, we mention the (co-)annihilation channels which contribute more than 1% to the relic density, in case of the benchmark points shown in Table I . We obtain these estimates from micrOMEGAs. Because of the tiny mass splitting betweenν 1 andν 2 , we simply useν andν * instead in the following tables. Note that we have ignored any flavor oscillation in the sneutrino sector. While introducing the flavor oscillations will not affect 4 Since the freeze-out of the species under consideration occurs at a temperature well below its mass, typically T F ∼ m/20, Maxwell-Boltzmann statistics have been used in eq. (26) . 5 Note that we have also used "s" for the entropy density.
the relic density in a significant manner; it will affect the relative contributions from flavor dependent final states. We mention all relevant channels contributing more that 1% to the relic density. 
